In this paper we present the utilization of capacitance and current-voltage diagnostic techniques to analyse silicon heterojunction solar cell structures properties, particularly focused on the inspection of the amorphous emitter and amorphous silicon/crystalline silicon hetero-interface. The capacitance characterization of investigated samples have revealed the need for improvement of the a-Si:H/c-Si heterointerface quality as a main direction to obtain superior output performance of heterojunction cells. In addition, current-voltage characterization emphasized importance for enhancement of the light management in the structure. The obtained results demonstrate that electrical and capacitance diagnostic techniques can represents important diagnostic tools in the process of optimization of solar cells.
INTRODUCTION
Silicon heterojunction solar cells (SHJ) are extremely appealing technology promising high conversion efficiency and low fabrication cost [1] [2] [3] in comparing to the traditional wafer based silicon solar cells. The SHJ structure consist of heterojunction between amorphous silicon and crystalline silicon and the output performances are strongly associated with the well-developed fabrication process of the heterointerface. To fully utilize the potential of used fabrication technologies there is necessary to have support of fast and reliable diagnostic techniques. In this paper, we present the utilization of capacitance and current-voltage diagnostic techniques to analyse SHJ structure properties particularly focused on the inspection of the amorphous emitter and amorphous silicon/crystalline silicon hetero-interface. The aim of this study is to demonstrate the applicability of the electrical and capacitance measurements in the development process of SHJ solar cells.
One of the most important parameters of the SHJ cell is the heterointerface quality [4] . We have used two admittance diagnostic techniques for investigation of a-Si:H/c-Si interface quality. For the first one were employed the dark capacitance and conductance measurements as a function of temperature and frequency (C-T -ω and G-T -ω ) while for the second one the measurement of the capacitance as a function of frequency at forward bias (C-V -F ). To reveal the heterointerface defect states density C-T -ω and G-T -ω measurements were successfully used for characterization of a-Si:H/c-Si heterojunction solar cells, since in general, the temperature and frequency dependence of the junction capacitance is sensitive to interface properties [5] . In the experimentally measured temperature dependence of the capacitance usually two steps-like deviation of the capacitance accompanied with the peaks in the temperature dependence of the conductance can be observed [6] . The first one occurs in the low temperature range (100-250 K) and is attributed to the carrier transport in the a-Si:H layer and the second one presents at higher temperature (> 250 K) is associated with emission of electrons and holes by the interface defect states and reflect the interface quality. Due to the high c-Si space charge capacitance background, however, the method suffers from low sensitivity.
The C-T -ω and G-T -ω methods can provide the basic information about the quality of the interface however suffer from low sensitivity. To study interface in details there is necessary to employ C-V -F diagnostic technique [7] based on the measurements of diffusion capacitance at forward bias close to the open-circuit voltage under AM1.5 illumination. The detection principle of the method steams from the change of the diffusion capacitance. Diffusion capacitance is related to the rearrangement of minority carrier density, which is strongly related to the recombination process at the interface. The measured low frequency capacitance then can provide information about the recombination at the interface. Due to the applied illumination, an increased sensitivity of measured low frequency capacitance on the quality of the interface is obtained.
The capacitance analysis of samples was completed by the current-voltage (I-V ) measurements under illumination carried out at various temperatures. Analyzing output parameters obtained from light I-V we suggest the main directions for output performance improvement of the studied samples. 
SAMPLES DESCRIPTION AND EXPERIMENTAL SET-UP
For characterization of silicon heterojunction solar cells properties the following vertical sequence of layers was used: p + Si back contact/ p-type Si substrate of thickness 500 µm/ intrinsic a-Si:H 10 nm/ n-type a-Si:H 20 nm/ ZnO:Al 900 nm. Amorphous silicon layers were deposited at CNR-IMM in Catania, Italy using Inductively Coupled Plasma Chemical Vapor Deposition technique (ICP-CVD) at substrate temperature 90
• C. Prior the deposition the silicon substrates were cleaned in the diluted HF solution. As a gas precursor SiH 4 , H 2 , and PH 3 was used for preparation of intrinsic and n-type doped amorphous layers, respectively. The deposition of ZnO:Al layer was performed by magnetron sputtering. Device geometries were then defined by photolithography followed by a-Si:H and crystalline silicon chemical and reactive ion etching [8] . The evaporation of the back full area aluminum contact with thickness 120 nm and capacitance and current-voltage characterization of samples was carried out at the Institute of Electronics and Photonics, Slovak University of Technology in Bratislava.
The admittance measurements were conducted using the precision LCR METER AGILENT 4284A and current-voltage (I-V ) measurements by Keithley 237 instrument. The solar simulator model 16S-002-300 from company SOLAR Light was used as a light source. The light measurements were done at illumination intensity 100 mW/cm 2 and solar spectrum AM1.5. The measurements at various temperatures were provided using the cryostat system.
The analysis of C-V -F measurements we provided by simulation utilizing the AFORS-HET software. The parameter database of AFORS-HET software completed with parameters obtained from measurement was used to prepare the model of the simulated structures. The interface was described by introducing a defective interface layer with a thickness of 1 nm between c-Si and a-Si:H. The defect states in the defective interface layer were modeled with constant value over the whole band gap.
RESULTS AND DISCUSSION
The dark admittance measurements of silicon heterojunction solar cell structure were carried out at 0 V bias and frequencies 1, 5, 10, 20, 50 and 100 kHz. From the measurements the capacitance, Fig. 1(a) , and the conductance over ω to better pronounce the observed peaks, Fig. 1(b) , as a function of temperature and frequency (C-T -ω , G-T -ω ) were extracted. By analyzing the capacitance and conductance temperature measurements behavior a variance of the capacitance in the temperature range 150-250 K was observed, which is noticeable with change of the frequency. This change of the capacitance is accompanied with the peaks in the G-T -ω characteristics. The process responsible for such behavior has temperature character and therefore can be analyzed by Arrhenius plot. The activation energy obtained from the Arrhenius plot has value E a = 0.2 eV (Fig. 2) . The presence of the peaks in the G-T -ω characteristics at low temperature is attributed to the onset of the carrier transport or of the response of gap states at the Fermi level in the a-Si:H emitter. Therefore the activation energy of this process corresponds to the difference between the bottom of the conduction band and the Fermi level in a-Si:H, in other words doping activation energy of the emitter.
By using the simulations as was shown in [6] , the presence of similar step-like increase of the capacitance at the as a function of defect states density at the amorphous silicon/crystalline silicon interface at forward bias 0.55 V and illumination intensity 100 mW/cm 2 temperatures above 250 K can be used as a rough indication of the defect states at the heterointerface. In this case the change of the capacitance is caused by trapping and emission of charge carriers at interface states. The low sensitivity of such approach, however, constrains the minimal detectable value of defect states to 5 × 10 12 cm −2 [6] . Since we do not observe such capacitance change in C-T -ω characteristics, we can assume defect states at the heterointerface below 5 × 10 12 cm −2 . The dark and light C-V -F curves measured at forward bias 0.55 V are shown in Fig. 3 . The measured capacitance represents parallel capacitance in the equivalent parallel circuit of a conductance and capacitance. Due to the forward bias measured capacitance represents diffusion capacitance and reflects concentration of minority carriers in the structure. The minority carriers concentration is directly affected by the recombination processes in the structure. While the heterojunction solar cell structure was prepared on high quality substrate and utilizes back surface field to suppress recombination at the back surface, we can assume that the main contribution of the recombination has sources at the interface. Both illuminated and dark C-V -F curves exhibit saturation of the capacitance at low frequencies. Saturated capacitance has higher value for measurement carried out under illumination, which has origin in higher concentration of carriers due to the photogeneration. The measurements under illumination thus provide higher sensitivity and were further analyzed. To extract the value of the defect states at the interface we have chosen low-frequency capacitance at 1 kHz (C LF ) and was compared it with the simulation of parallel C LF calculated by the program AFORS-HET. In Fig. 4 is shown the simulated curve of C LF under illumination 100 mW/cm 2 as a function of defect states at the amorphous silicon/crystalline silicon interface. To assume the influence of the band mismatch at the heterojunction we have made the calculation for three values of conduction band offsets ∆E C = 0.1 , 0.2 and 0.3 eV. The values of ∆E C in the range 0.1-0.3 eV are the most typical values of a-Si:H/c-Si heterojunction [9] [10] [11] . Based on this analysis we have estimated the defect states density at the interface in the range D it ∼ 1×10
12 -2×10 12 cm −2 . Current-voltage characteristics measured under sun simulator with spectrum AM1.5 and light intensity 100 mW/cm 2 at various temperatures are shown in Fig. 5 . Extracted output parameters open-circuit voltage (V OC ), short-circuit current (J SC ), fill factor (F F ) and conversion efficiency (η ) are shown in Figs. 6a and 6b. As shown in Fig. 6a the strong linear dependence of the V OC is noticeable. When approximating of such dependence with the linear curve, one can obtain the value of activation energy E a in solar cells utilizing following equation
In the equation, J 00 is weekly temperature dependent current prefactor, q is elementary charge, T temperature and n id is the ideality factor. As can be seen, the activation energy is equal to the value of open-circuit voltage at the temperature 0 K and thus can be determined as an intersection of V OC vs T curve with the y -axis. The activation energy value E a = 1.2 eV was determined for the investigated sample. From the output parameters characteristics is observable the decrease of V OC and F F with increasing temperature. This results to the overall decrease of the η with relative temperature coefficient −0.50 %/K.
The series resistance as a function of the temperature of measured sample is shown in Fig. 7 . The resistivity was obtained by the Rajkanan-Shewchunt method [12] , which is based on the measurement of dark and light I-V characteristics. The series resistance is then calculated as
where V D is the voltage obtained from the forward dark I-V at J = J SC . The Rajkanan-Shewchunt method belong to the one of the most accurate [12] . Measured were low series resistance with value below 1 Ωcm 2 in the whole temperature range 300-360 K.
The performed analysis allows us to gain deep insight on the silicon heterojunction solar cell structure that exhibits limitation in the output performance especially due to low V OC and J SC values. The capacitance analysis has revealed that the defect states at the heterointerface have value D it ∼ 1 × 10 12 -2 × 10 12 cm −2 . To improve the performance of prepared SHJ solar cell and to attain higher V OC it is necessary to improve the quality of the amorphous silicon/crystalline silicon interface and achieve D it < 10 12 cm 2 .
For improvement of J SC is required to focus on the absorption and light management in the structure. From the layer composition of the structure, we can assume that the main sources of the absorption is thick ZnO:Al layer and amorphous emitter. Improvement can be achieved by replacing the amorphous silicon emitter with the amorphous silicon with incorporated carbon (a-SiC:H) or oxygen (a-SiO:H). Both materials have higher band gap compared to amorphous silicon and thus lower absorption [13] . Further decrease of the absorption can be achieved by decreasing the thickness of the intrinsic amorphous silicon passivation layer. Optimization of the light management by texturing of the silicon substrate, as another way of increasing J SC , will gain increased importance mainly with the decreasing of the silicon substrate thickness.
Using the admittance spectroscopy C-T -ω and G-T -ω we have measured the distance between Fermi level and conduction band in the amorphous emitter. The value of the activation energy 0.2 eV indicates effective doping of the amorphous silicon prepared by ICP-CVD deposition technology.
From the light I-V characterization at various temperatures the temperature coefficient of efficiency was evaluated as equal to 0.50 %/K. This is significantly higher value compared to 0.2-0.3%/K, which is typical for SHJ solar cells [14] . The temperature coefficient of the efficiency is directly related with the value of the opencircuit voltage as shown in [14] . Therefore, we can attribute such high drop of the efficiency upon the temperature with low value of the V OC of studied sample. By optimization of the V OC we can expect the decreases of this temperature coefficient. The value of determined activation energy E a = 1.2 eV is close to the crystalline silicon band gap, which indicates the recombination in the neutral part of the crystalline substrate as a dominant mechanism of the carrier transport in the structure. The low serial resistance of ICP-CVD heterojunction sample predicts good performance even at high illumination intensities, which can be important in concentrator systems.
CONCLUSION
In this paper we demonstrated the applicability of capacitance and current-voltage measurements for analyzing silicon heterojunction solar cells. The analysis was focused on the most important parameters of SHJ structure including characterization and simulation of heterointerface and emitter layers. As a main source of the low output performance of studied silicon heterojunction solar cell was detected the recombination at the heterointerface and high absorption in the ZnO:Al and amorphous emitter.
